The problem of cancer causation must be approached with caution, owing to its complexity and importance; but no longer is it necessary to strike blindly at the question. A variety of tumors can now be elicited at will, and scrutiny of these under controlled conditions has yielded many facts that bear directly upon the etiology of cancer. One facet of the problem, which used to be inconspicuous, has greatly broadened in recent times,-namely, the relation of viruses to tumors. This has been our chief interest.
I have been instructed to talk this morning about my own work. But inasmuch as this had its beginnings only a short while ago, and since its basis lies in facts already ascertained, I must briefly sketch its background. Viruses had long been known which cause sarcomata in fowls (Rous, 1911; Rous and Murphy, 1914; Claude and Murphy, 1933; Foulds, 1934) ; and adenocarcinomata of frogs had recently been described which are caused by a virus (Luck6, 1934 (Luck6, , 1938 . The principle had gradually achieved recognition that viruses can cause a whole gamut of pathological states in tissues,-these ranging from acute necrosis on the one hand to enduring proliferation (neoplasia) on the other (Borrel, 1903; Philibert, 1924; Rivers, 1928 Rivers, , 1930 Shope, 1932 Shope, , 1933 Andrewes, 1934) . Furthermore Shope (1933) had recently discovered a virus causing infectious, benign JOHN G. KIDD papillomas of the skin of western cottontail rabbits, and Beard (1934, 1935) had shown that these growths, though benign, possess the immediate characters of tumors, and that the ones produced experimentally with the virus in domestic rabbits frequently progress to malignancy, cancers deriving directly from the virus-infected cells.
My concern with the relation of viruses to tumors began then. It grew naturally out of my association with Dr. Peyton Rous, who has put an immense amount of thought and labor into the study of this problem during more than thirty years and has contributed more than any other individual to it. In collaboration with him, a study has been made of the relation of the rabbit papilloma virus to cancer causation. The findings of this study bear upon what is to come later, and hence are outlined briefly here.
RELATION OF THE RABBIT PAPILLOMA VIRUS TO CANCER CAUSATION
The virus causes growths under natural and experimental conditions which are themselves on the brink of malignancy, and cancers arise from these growths through alterations in the virus-infected cells which frequently appear to be but slight, many of the malignant growths retaining cytological peculiarities distinctive of the virus action . When the virus is injected into the blood stream of domestic rabbits with tarred skin it localizes in this and gives rise to a variety of benign and malignant papillomas and to cancers as well Kidd, 1936, 1938; Kidd and Rous, 1938) , and it effects remarkable changes in the benign tar tumors of domestic rabbits under controlled experimental conditions, enabling them to grow upon implantation, as otherwise they would not, and causing some to become cancerous forthwith (Kidd and Rous, 1937) .
A singular fact, however, complicates the relation of the virus to the cancers derived from growths caused primarily by it in domestic rabbits, namely that the virus cannot ordinarily be recovered from the papillomas produced with it in this species, as Shope first pointed out, though it can usually be got back in quantity from the natural growths of cottontails. Yet much evidence shows that the virus is present in "masked" form in the papillomas produced with it in domestic rabbits (Shope, 1935 (Shope, , 1937 , increasing in amount as these enlarge ; and serological tests prove that the virus persists enduringly in the transplanted cancers derived from the virusinduced growths of domestic rabbits, though it has never been recovered from them as such.2
Cancers occasionally arise under natural conditions from the virus papillomas of cottontails (Syverton and Berry, 1935; , taking origin, like the cancers of the domestic species, directly from the virus-infected cells through changes in the cells which often appear to be slight . Tests for the presence of the virus in the cancers of this species are complicated, however, by the neutralizing effect of extravasated antiviral antibody, which has been present in high titer in the blood of the cottontails with cancer that we have examined. The antibody, which can be identified as such in extracts of the virus-induced growths of domestic rabbits (Friedewald, 1939) , often extravasates into the large disorderly papillomas of cottontails in such quantity as to render it impossible to extract virus from them (Kidd, 1939) , and so much of the antibody may extravasate into the cancers that extracts of these cancers frequently have a pronounced neutralizing effect upon added virus in vitro . Tests for the presence of the virus in extracts of the naturally-occurring cancers of cottontails are thus not feasible until the effects of extravasated antibody can be excluded. But the action of the virus upon the tar cancers of cottontails provides significant data in this relation. 2 The first cancer to be transplanted could not be carried beyond the second passage. Another squamous cell cancer derived from a virus-induced papilloma has now been transplanted and is growing actively in the eleventh successive group of rabbits 22 months after the initial transplantation. The persistence of the virus in the cancer has been demonstrated by the fact that the serum of every one of the rabbits with progressively enlarging growths tested in the eleven tumor generations-more than two score of them in all-has developed humoral antibodies directed specifically against the papilloma virus (Kidd and Rous, 1939) .
Under experimental conditions the virus causes the tar cancers to grow much more rapidly upon implantation than is their habit; and it sometimes alters their morphology, causing the growths to assume such cytological traits as go with the presence of the virus. Moreover the virus can be recovered from the tar cancers activated by it if the antiviral titer of the host's blood has not gone too high .
The presence and activity of the virus in the cancers caused primarily by it do not mean, however, that the virus is their essential cause. Indeed, certain evidence indicates that a variant of the virus or some alteration in the virus-cell relationship is directly responsible for the progression to malignancy of the virus-infected cells (Rous, 1936; Kidd and Rous, 1940 ). Yet it is plain that the virus has a much closer relation to the cancers produced with it than do the chemical "carcinogens," for example; for the latter appear to act merely as triggers, setting off in highly uncertain ways pathological processes in which they play no further discernible part and from which they soon disappear.
SEROLOGICAL STUDIES WITH THE VIRUS-INDUCED
RABBIT PAPILLOMA AND A TRANSPLANTED TUMOR OF UNKNOWN CAUSE3
The fact that serological methods were essential to the demonstration of the virus in the papillomas and cancers induced with it in domestic rabbits led me to undertake some years ago a detailed immunological study of the virus papillomas for what this might bring forth in relation to the problems of the virus tumors generally.
It had already become clear that titration of the papilloma virus and its antibody by means of the biological method originally devised , while sensitive and trustworthy, is a laborious, time-consuming and expensive procedure. A much easier and quicker method of titration was found in the complement fixation reaction, which provides, when properly applied, a specific and reliable way of demonstrating the I It is a pleasure to acknowledge the valuable technical assistance rendered by Mr. William Hosek in the serological studies.
on November 4, 2017 by guest http://jb.asm.org/ Downloaded from presence and amount of the virus and its antibody (Kidd, 1937 (Kidd, , 1938a Friedewald and Kidd, 1939) . This method has proved a tactical aid of large effectiveness whereby experiments can be rapidly and decisively done which are not feasible with the biological titrations, owing to the cumbersomeness of the latter.
The immunological study of the virus-induced papilloma (Kidd, 1937 (Kidd, , 1938a Friedewald and Kidd, 1939) , which was carried out largely with the aid of the complement-fixation reaction just mentioned, yielded several noteworthy findings. Firstly, it was found that the sera of rabbits bearing virus-induced papillomas have the ability to fix complement specifically in mixture with antigens consisting of saline extracts of the growths, and that the complement-fixing capacity of the serum is always directly proportional to the virus-neutralizing capacity. Secondly, it became evident that the complement-fixing antigen present in saline extracts of the virus-induced papillomas is intimately associated with the virus; indeed the findings indicate that the two are identical, although under certain special conditions,-after exposure to carefully graded amounts of ultraviolet light, for example,-the infectiousness of the virus can be abolished without destroying the complement-fixing ability of the materials In addition to the findings just mentioned the immune reactions provide evidence that the papilloma virus has a homogeneous antigenic structure, or at any rate one less diverse than that of many other viruses,-evidence which may prove to have a more precise significance as bearing upon the essential nature of the virus than other findings obtained by ultracentrifugal and chemical methods. And the immunological findings provide data concerning the intriguing problem of the "masking" of the papilloma virus in the growths of domestic rabbits.
The individuality of the antibody for the papilloma virus, and the probable identity of the virus and the complement-fixing antigen, have a certain interest of their own as phenomena of virus immunology. To the cancer worker, however, the findings suggest a larger possibility: for the papilloma is a growth of known cause which yields a specific, serologically active substance of highly distinctive sort, intimately associated and in all probability identical with the virus responsible for the growth. Is it possible that substances of similar sort are present in tumors of unknown cause?
Needless to say a vast amount of work had been done upon the serological reactions of tumors. Years ago many investigations were carried out in search of a serological test for malignancy that would prove diagnostic; but the results were so irregular that after a while this quest was largely abandoned. Much of the early work was done with the tumors of human beings, and hopelessly confusing results were obtained, an obvious reason for this existing in the heterogeneous character of the growths utilized. In the experiments with animal tumors, materials derived from growths of one species had been injected as a rule into animals of another species with the result that the immune responses were directed primarily against the injected material as foreign tissue, not as tumor. The early experiments of Barratt (1910) had demonstrated that complement fixation might sometimes occur if the sera of mice bearing a transplanted cancer were mixed with extracts of the growth, but many other experiments along similar lines had yielded negative or irregular findings (Simon and Thomas, 1908;  Barratt, 1912; Coca, 1917 ; see also Ewing, 1928) . None of the studies had revealed in a tumor of unknown cause a serologically active substance similar to the one present in the virus papillomas, though the controlled experiments of Andrewes (1936) and of Foulds (1937) provided evidence, after the present work had been started, that certain fowl tumors. elicited with carcinogenic chemicals harbored substances related antigenically to the virus responsible for fowl sarcoma. It yet seemed possible, in spite of the many irregularities and failures recorded in the literature, that a new study of a mammalian tumor of unknown cause might prove profitable, if undertaken in the light of the findings with the virus tumors, and if a tumor of standardized character were studied in the species natural to it. The Brown-Pearce rabbit carcinoma (Brown and Pearce, 1923) seemed to provide an appropriate material for such an investigation, and work with this was begun. The growth can be regarded as a typical transplanted tumor of unknown cause. It is a malignant anaplastic carcinoma, presumably of epidermal origin, which arose spontaneously about 18 years ago and has been propagated since by the transfer of living tumor cells from one animal to another. So far as is known, no virus or other agent separable from the cells is responsible for it. The results of an extensive investigation of this tumor by means of the complement-fixation reaction (Kidd, 1938b (Kidd, , 1940 ) may be summarized briefly: A serologically active substance-a complement-fixing antigen-of highly specific character is regularly present in saline extracts of the tumor which is not found in extracts of normal rabbit tissues. It appears to have a large particle size and weight and is not soluble in alcohol (indeed is rapidly inactivated thereby), properties that serve to discriminate it at once from the generality of tissue antigens heretofore studiedthe Wassermann and Forssman antigens, organ-and speciesspecific haptens, the tissue proteins of ordinary sort, and the "soluble antigens" of certain virus diseases, for example. The similarity is manifestly close between the properties of the BrownPearce tumor antigen and those of the virus papilloma antigen, though the two are unrelated antigenically (table 1). The two substances are found only in the respective growths; both have a large particle size and weight as indicated by the results of filtration and centrifugation experiments (tables 2 and 3); they are inactivated by almost precisely the same amount of heat (table 4) , and in much the same way by changes in pH (Kidd, 1938b (Kidd, , 1940 .
Since the properties of the two serologically active substances are remarkably similar, there would appear to be some reason to ask whether the antigen of the Brown-Pearce tumor may not be of the same general sort as the antigen of the virus papilloma, and whether, like the latter, it may not actually be responsible for the growth with which it is associated. True, extracts containing the Brown-Pearce tumor antigen have failed thus far to give rise to lesions upon injection into rabbits. But so too, as a rule, do extracts of the papillomas of domestic rabbits; yet these growths are produced with a virus which is known from serological tests to persist in them in "masked" form (Shope, 1935 (Shope, , 1937 and to increase in amount as the growths enlarge . Other possible explanations for the origin and significance of the Brown-Pearce tumor antigen are, of course, apparent. A non-pathogenic virus, riding along in the Brown-Pearce tumor as a contaminant, might conceivably account for the findings, as might also a normal rabbit tissue antigen present in the cells of the animal in which the Brown-Pearce tumor arose but absent from the tissues of the hosts to which it is transplanted. And it is also conceivable that the Brown-Pearce tumor cells might somehow provide either by the alteration of a normal tissue component or by the synthesis of a new one-a specific substance As an example, the fact may be cited that tobacco plants infected naturally with the virus of tobacco mosaic furnish prodigious quantities of the virus, while plants of the same sort diseased severely with the virus of cucumber mosaic yield only an infinitesimal quantity of the latter (Stanley, 1938) . Furthermore many viruses per se give very poor or negative in vitro reactions in mixture with their specific antisera, for reasons that are as yet not understood. Hence it is conceivable that some tumors of virus cause might yield their causative agents in amounts too small to meet the requirements for positive serological reactions, or in forms unsuited to their disclosure; and it may turn out that the choice of the Brown-Pearce tumor at the beginning of the present work was an exceedingly fortunate one, as was the choice of the tobacco mosaic virus for studies on the purification of viruses. But to invoke difficulties now is scarcely the way to get further with the many-sided tumor problem. What is needed is a better understanding of the available phenomena-and the discovery of new ones. Irrespective of whether the Brown-Pearce tumor antigen is a virus-like substance, or indeed of whether it has any bearing upon the problem of tumor causation, the fact that the substance is associated with a tumor of unknown cause and the fact that it has physical properties like those of the viruses provide new reasons for further thought on the problems of tumors and viruses.
